The gut microbiota of individuals are dominated by different fiber-utilizing bacteria, which ferment dietary fiber into short chain fatty acids (SCFAs) known to be important for human health. Here, we show that the dominance of Prevotella versus Bacteroides in fecal innocula, identified into two different enterotypes, differentially impacts in vitro fermentation profiles of SCFAs from fibers with different chemical structures. In a microbiome of the Prevotella enterotype, fructooligosaccharides, and sorghum and corn arabinoxylans significantly promoted one single Prevotella OTU with equally high production of total SCFAs with propionate as the major product. Conversely, in the Bacteroides-dominated microbiota, the three fibers enriched different OTUs leading to different levels and ratios of SCFAs. This is the first report showing how individual differences in two enterotypes cause distinctly different responses to dietary fiber. Microbiota dominated by different fiber-utilizing bacteria may impact host health by way of producing different amounts and profiles of SCFAs from the same carbohydrate substrates.
Results and Discussion
Previously, we found that structurally different dietary fibers within the arabinoxylan fiber class were utilized differently using in vitro human fecal fermentation 11 . Arabinoxylans from sorghum bran (SAX) fermented rapidly compared to corn arabinoxyan (CAX) which fermented slowly. The structural differences between the two arabinoxylans arise from branched structures where SAX has relatively uniform arabinose substitution on the xylan backbone and CAX has a more complex array of sugars and linkage patterns ( Fig. 1 , Table S1 ). Their molecular sizes were similar (Table S2 ). In the current study, we found in microbiota samples from various individuals that the two arabinoxylans were either utilized differently, as observed before, or were fermented at the same rate (Fig. S1 ). This was the basis for the selection of two donors (D1 and D2) which had divergent microbiomes. Microbiota of D1 was dominated by Prevotella (OTU1 and OTU13) at 38.7%, and D2 by Bacteroides (OTU2 and OTU 11) at 25.0% ( Fig. 2A) . The microbiota compositions of these two donors were analyzed together with fecal microbiota sequences from a cohort of 54 healthy Chinese subjects and two disparate clusters were observed ( Fig. 2B ), which aligned with the Prevotella (D1) and Bacteroides (D2) enterotypes as put forth by Arumugam 1, 2 . These two enterotypes were then used to study how the two microbiota communities utilized the different fibers.
The D1 Prevotella enterotype microbiota fermented all three fibers with similar high total SCFA production ( Fig. 3 ). Compared to FOS, CAX and SAX produced similarly high levels of propionate and low levels of butyrate. The three fibers produced the same levels of acetate. Conversely, the D2 Bacteroides enterotype microbiota showed differential fermentation of CAX and SAX with different SCFA outcomes. The more complicated CAX structure was slower fermenting and initially produced less total SCFAs, though by 24 h reached the same high level as SAX. The rapid initial rise in SCFAs of SAX was contributed by higher acetate and butyrate production. Surprisingly, FOS which is generally recognized as a fast fermenting fiber 12 , generated significantly less total SCFAs than SAX and CAX by 24 h, with little production of acetate.
The Prevotella-dominated microbiota produced 2-3 times more propionate than the Bacteroides-dominated microbiota. Overall, the two microbiota fermented the carbohydrate structures differently to produce different amounts and ratios of the SCFAs.
We then examined the changes in the microbiomes during fermentation of the different fibers in the two enterotypes. The structure of the microbiota shifted significantly during the 24 h fermentation for the three fiber treatments based on principal coordinate analysis with UniFrac distance (Fig. 4A ). Cluster analysis showed clear separation of each donor's microbiota and the effects of each fiber treatment (Fig. 4B ). The exception was for the D1 Prevotella-dominated microbiota on basal culture medium containing peptides (Blank), where at 24 h there was a large shift to Dorea and Blautia which are known to be promoted by protein 11 (Fig. S2 ). α-Diversity ( Fig. 4C ) decreased significantly during fermentation in D1, but not in D2, even though D1 had more observed species at 0 h. This seems to have occurred because Prevotella in D1 was virtually the only bacteria to increase on the fiber treatments. In D1, redundancy analysis ( Fig. S3 ) identified Prevotella OTU1 as the most positive responder to the fiber treatment, and this OTU alone was further increased during fermentation by FOS, SAX, and CAX ( Fig. 5A ). In contrast, in D2, nine OTUs were identified as responders by RDA analysis that had comparable contribution to the microbiota shift ( Fig. S3 ). FOS increased Ruminococcus2 OTU3 and Lactobacillus OTU37, SAX increased Bacteroides OTU2, and CAX increased Bacteroides OTU11 (Fig. 5A ). In the D2 Bacteroides enterotype, there was clearly more diversity and response of bacteria to the fiber substrates than in the D1 Prevotella enterotype ( Fig. 5A ). Procrustes analysis (r = 0.63 for D1 and r = 0.54 for D2, p < 0.001) on Jaccard distance matrices of the microbiota and SCFA compositions showed that the structural shifting of the gut microbiota was highly correlated with individual SCFA production ( Fig. 5B ).
Higher total SCFA production of the Prevotella compared to Bacteroides enterotype indicates higher fiber utilizing capacity, and is a reasonable outcome of plant-rich diets that are associated with the Prevotella enterotype. The dominant Prevotella OTU1 in D1 effectively outcompeted the other major bacteria for use of the three fibers (FOS, CAX, SAX), and diminished their growth. Prevotella spp. are commonly found in herbivores such as in cattle and sheep, as well as the human gut, and are known to harbor the enzymes for degrading an array of polysaccharides, including xylans 13 . Kovatcheva-Datchary et al. 14 
recently reported individuals with
Prevotella-dominated gut microbiota responded to barley kernel bread supplementation with improved glucose tolerance. This implies an enterotype-dependent beneficial effect of dietary fibers.
These markedly different SCFA outcomes from fiber fermentation in the Prevotella and Bacteroides enterotypes relate to different preference and capacity of species to ferment different fiber structures. Therefore, in the interest of designing dietary fiber treatments for specific types and amounts of SCFAs, the enterotype of the individual should be considered. By testing fibers in an in vitro fermentation system, we charted the relationship between microbiota composition and capacity to utilize certain fibers. It seems conceivable that with the accumulation of more information on how fibers affect different human gut microbiota, guidance for future personalized dietary fiber recommendations or therapies can be developed based on enterotypes.
Materials and Methods
Study design. Fecal samples were obtained from participants who met the following criteria: ages 18 to 50, no history of gastrointestinal disease, no antibiotic usage within the previous 6 months. This study was approved by Institutional Review Board of Purdue University (protocol #1509016496) and the Ethics Committee of Shanghai Jiao Tong University. All experiments were performed under guidelines and regulations of the IRB protocol. Informed consent was obtained from all donors. Six participants recruited at Shanghai Jiao Tong University (healthy Chinese) provided fresh stool samples on site on the day of the fermentation. Participants were requested to fill out a 24 h dietary recall form and a food frequency questionnaire. A screening procedure was applied to differentiate microbiota by how they fermented two arabinoxylans of different structural complexity. Two donors were chosen as D1 to represent no difference in fermentation profiles between SAX and CAX, and D2 as a large difference in profiles coupled with a high initial rate of fermentation for SAX. The two participants were asked to provide stool samples for the study. All participants were requested to keep a normal dietary pattern and life style, no excessive alcohol drink during the study.
Fiber preparation. Fructooligosaccharide (FOS) was obtained from Beneo HP Orafti (Tienen, Belgium);
corn and sorghum arabinoxylans (CAX, SAX) were extracted from brans; corn bran was a gift from Bunge Milling (St. Louis, MO, USA), and sorghum grain (from the Purdue Agronomy Center for Research and Education) was decorticated using an abrasive dehuller and the bran part collected. Arabinoxylans were extracted from corn and sorghum brans as described previously 11 . Alkaline hydrogen peroxide was employed to improve the arabinoxylan yield, reduce the lignin content, and reduce the dark color. Briefly, brans were defatted using hexane at room temperature. Then starch and protein were removed by α-amylase and protease at optimal temperature and pH, respectively. After removing the fat, starch and protein, the bran was stirred in 1 M NaOH at 60 °C for 4 h, and 15 mL of 30% hydrogen peroxide was slowly added to the mixture. After cooling down, the mixture was centrifuged at 10,000 g for 10 min. Supernatants were collected, and residues were washed with 1 M NaOH and centrifuged again. The combined supernatants were neutralized with 6 M HCl, the arabinoxylans were precipitated by adding 4 volumes of 95% ethanol, and then freeze-dried and ground into a powder form.
In vitro fecal fermentation and metabolite analyses. Fermentations were conducted as described in
Long et al. 15 . Fresh stool samples were obtained from participants and immediately transferred into an anaerobic chamber. Three volumes of basic culture medium were added into the samples and vortexed until dispersed. Slurries were filtered through four layers of cheesecloth to remove visible particles. Fecal inocula (1%) and 1% (w/v) of a solution each of FOS, CAX, and SAX were mixed with the culture medium [peptone water (2 g/L), yeast extract (2 g/L), NaCl (0.1 g/L), K 2 HPO 4 (40 mg/L), KH 2 PO 4 (40 mg/L), MgSO 4 ·7H 2 O (10 mg/L), CaCl 2 ·6H 2 O (10 mg/L), NaHCO 3 (2 g/L), L-cysteine (0.05%), bile salts (0.5 g/L), vitamin K (10 μl/L), Tween 80 (2 ml/L), and hemin (5 mg/L), adjusted to pH 7.4] 15 . The mixtures were incubated at 37 °C and, at 0, 4, 10, and 24 h, gas production was measured using a syringe, and culture samples were collected and centrifuged. Supernatants were filtered through sterilized syringe filters with a polyethersulfone membrane of 0.22 μm pore size for SCFA measurements. SCFA analysis was performed by gas chromatography as described by Kaur et al. 12 . Significant differences among the SCFAs generated by fermentation were analyzed using two-way ANOVA followed by Tukey's Multiple Comparison test.
Fecal samples are representative of luminal bacteria in the descending colon, though are limited in reflecting the mucosal microbiota. Although some mucosal bacteria are observed in stools 16 , data obtained from in vitro fecal fermentations may not represent the mucosal bacterial changes that would occur under the same fiber treatment in vivo.
DNA extraction and sequencing. The pellets were used for DNA extraction. DNA was extracted as previously described 17, 18 . Purification, amplification, and pyrosequencing were conducted following the procedure of Zhang et al. 18 . Briefly, extracted DNA was purified using a QIAamp DNA mini kit (QIAGEN, Germany), and the V1-V3 region of the 16 S rRNA gene was amplified by PCR. The primers were 5′-CGTATCGCCTCCCTCGCGCCATCAGACGAGTGCGTAGAGTTTGATYMTGGCTCAG-3′ and 5′-CTATGCGCCTTGCCAGCCCGCTCAGNNNNNNNNNNATTACCGCGGCTGCTGG-3′ with a sample-unique 10-mer oligonucleotide barcode. Equal amount of the PCR products for each sample were mixed and subjected to pyrosequencing using the GS FLX platform (Roche, Branford, CT, USA).
Bioinformatics analysis.
Raw sequences, obtained from the platform, were filtered to obtain high quality reads using the criteria described in Zhang et al. 18 . Sequences were then analyzed using the UPARSE pipeline 19 . Briefly, the sequences were trimmed to 300 bases, dereplicated, and then clustered into OTUs (Operational Taxonomic Units, closely related bacterial sequences with 97% similarity approximately associated with species). Chimeras were removed using Genomes OnLine Database (GOLD) from UPARSE as the reference. An OTU table was created through mapping reads back to OTUs. The taxonomy of each OTU was assigned by blasting representative OTU sequences against the Ribosomal Database Project (RDP) Naive Bayesian rRNA Classifier (rrnDBv4.2.2) 20 . The confidence threshold was set at 80%. After obtaining the OTU table, the QIIME platform was used 21 . Singleton OTUs and samples with abnormally low number of reads were removed. The microbiota from D1 and D2 were subject to cluster analysis, together with 54 healthy subjects. The Calinski-Harabasz index (CH) was used to evaluate the cluster validity based on the average between and within the cluster sum of squares. From this analysis, the subjects were grouped into two clusters. The microbiota percentage composition was summarized at the genus level. α-Diversity, using observed species and Shannon metrics, was calculated using QIIME scripts. Jackknifed weighted UniFrac metrics 22 were calculated to evaluate β-diversity, and principal coordinate analyses were performed. Samples were then evened to 1,000,000 sequences per sample to eliminate differences caused by different amounts of sequences per sample. Dissimilarities among samples were clustered by hierarchical cluster analysis using the Ward agglomerative algorithm on Euclidean distances. For construction of the heatmap, key OTUs were chosen through redundancy analysis using Vegan package in R 23 . Redundancy analysis (RDA) is a form of constrained ordination that examines how much of the variation in one set of variables explains the variation in another set of variables. It is the multivariate analog of simple linear regression. The mean values of the Hellinger-transformed OTU abundances for each treatment were plotted. The distance between samples is called the Hellinger distance, which is a measure recommended for clustering or ordination of species abundance data and offers a better compromise between linearity and resolution than the chi-square metric and the chi-square distance 24 . OTUs were grouped by hierarchical clustering. The similarity of the SCFA compositions and microbiota compositions were analyzed by Procrustes analysis (Vegan package in R). In statistics, Procrustes analysis is a form of statistical shape analysis used to analyze the distribution of a set of shapes. The Jaccard distance of SCFAs and microbiota compositions were calculated. Jaccard distance is a statistical method used for comparing the similarity and diversity of sample sets. The two ordinations were superimposed by Procrustes analysis and the significance of correlation was calculated by Protest.
